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SUMMARY 


The effects of changing indentation design Mach number on the aero- 
dynamic characteristics of a 4 5 ° sweptback-wing-body combination designed 
for high performance have been investigated at Mach numbers from 0.80 to 
1 15 in the Langley 8-foot transonic tunnel and at a Mach number of 1.45 
in the Langley 8-foot transonic pressure tunnel. The Reynolds number 
of the investigation covered the range from approximately 2.5 X 10 
to approximately 5-0 X 10 6 based on the mean aerodynamic chord of the 
ving. The 45° sweptback wing with camber and a thickened root was tested 
at 0° angle of incidence on an unindented body and on bodies indente 
for Mach numbers M of 1.0, 1.2, and 1.4. Transonic and supersonic 
area rules were used in the design of the indented bodies. Theoretical 
zero-lift wave drag was calculated for these wing-body combinations. A 
-2° angle of incidence of the wing, and M - 1.4 revised body indenta- 
tion, and fixed transition also were investigated. 

Experimental values of zero-lift wave drag for the indented-body 
combinations followed closely the area-rule concept in that the lowest 
zero-lift wave-drag coefficient was obtained at or near the Mach number 
for which the body of the combination was designed. Theoretical values 
of zero-lift wave drag were considered to be in good agreement with the 
experimental results. At a given supersonic Mach number the highest 
vSuies of maximum lift-drag ratio for the various combinations also were 
obtained at or near the Mach number for which the body o e co 
was designed. At Mach numbers of 1.0, 1.2, and 1.45, the maximum li - 
drag ratios were 15-3, 13-0, and 9-2, respectively. The use of an angle 
of incidence of -2° for the wing in combination with the M -1.2 body 
increased the zero-lift wave drag and decreased the maximum lift-drag 
ratio. All configurations maintained stable characteristics up to the 
highest lift coefficient of the investigation (C L * 0.5)- 


^Supersedes recently declassified NACA RM 1958. 



2 


INTRODUCTION 


A suitable wing-body combination which will exhibit high values of 
maximum lift-drag ratio at high subsonic speeds and lowest possible drag 
at supersonic speeds at moderate lift conditions is of prime importance 
in the design of airplanes capable of high subsonic cruise and supersonic 
bursts. Many detailed studies have been undertaken with the purpose of 
providing basic information for the design of such a high-performance 
wing -body combination. The use of body indentation according to the 
transonic area rule of reference 1 has resulted in large reductions in 
wave drag especially at a Mach number of 1.0. A concept was developed 
in reference 2 which also qualitatively interrelated the zero-lift wave 
drag of wing-body combinations at moderate supersonic speeds with axial 
distributions of cross-sectional areas. Theoretical and experimental 
studies of the application of the supersonic area rule to the reduction 
of drag of unswept wings have been presented in such references as 5 
4, and 5. ’ 

The object of the present investigation was to determine the effect 
of changing the indentation design Mach number (that is, shaping the 
bodies for several different Mach numbers) on the aerodynamic character- 
istics of a sweptback-wing— body combination designed to exhibit the type 
of high performance desired for high subsonic cruise and supersonic 
bursts. An unindented body and a series of indented bodies designed for 
Mach numbers of 1.0, 1.2, and 1.4 were used. A 45° sweptback wing was 
especially designed for this investigation so have high-performance 
characteristics when used in combination wish the various bodies and 
also to have good pitching -moment and structural characteristics. This 
wing was tested primarily at an angle of incidence of 0°. 

Other parts of the test program included the use of the wing at an 
angle of incidence of -2° in combination with the body indented for a 
Mach number of 1.2, a Mach number 1.4 revised body indentation, and 
fixed transition on all configurations. 
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SYMBOLS 


mean-line designation, fraction of chord from leading edge 
over which design load is uniform 

wing span 


wing chord measured parallel to plane of sy mme try 

mean aerodynamic chord measured parallel to plane of symmetry, 
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Mach number 

free- stream dynamic pressure, ipv 2 
total wing area 

velocity in undisturbed stream 

body station, distance from nose of body 

angle of attack of body center line 

angle of incidence of wing relative to body center line 
mass density in undisturbed stream 
lift coefficient, Lift/qS 

lift-curve slope, averaged over a lift- coefficient range 
from - 0.05 to 0.3 

drag coefficient, Drag/qS 
drag coefficient at cl — 0 

zero-lift drag coefficient. Zero-lift drag/qS 
zero-lift drag coefficient at a given Mach number 

zero-lift wave-drag coefficient, - C f'o M= o > 8 


&ac Dq 

^®min 

(k/®)max 

Cm 


incremental zero-lift wave-drag coefficient, 

H D °fi X ed transition " “ D °natural transition] 

minimum drag coefficient. Minimum drag/qS 


maximum lift-drag ratio 


tching-moment coefficient about 25 percent 
aerodynamic chord, Pitching moment/qSc 


chord of mean 


4 


dc m/^ c L 

9 


pitching-moment -curve slope, 
range from -0.05 to 0.3 


avt raged over a lift-coefficient 


line of th ? ° ti;Lt UI mcn P lanes around the center 


DESIGN OF WING-BODY COMB ENATIONS 


figurf haf^„ CO t ln f l0nS are sho™ in 

ratio of 4, and ratio o^TlI ° f? 0 ' 25 - <:hort an aspect 

coefficient of 0.2. At the root n\+’ nd . 1 “' cambe red for a design lift 
■Poii xne ro °^ a streamwisc NACA 64A206 « - n j 

ection was used. Streamwise NAPA fshhO()^ " * , ^ air- 

airfoil sections were used f™„ an 1 . a ’ °- 8 (modified) 

in figure 1 . Straight-line elein^r^rf “f t0 the “f aE 

sections from the root to 50--ne>-rrv=m+ -r US6 ^ a ^ r -*- n & the wing 
wing sections are listed in table I S The ^ ordinates of the 
was mounted In a midwing position on Th f. Wirg ' constructed of steel, 
configurations. ^ P 11 a 3 tla G- supported body for all test 


Wing 

assoclated^wlth'lift 1^0^ T 1 “ de ' llgned t0 haTC la “ ^ag 

wave drag when used with an indenSd rSSTtf t SPeeds \ 1 ° v 

moderate supersonic speeds, relativelv mnri tv + 8 f trans °nic and 

istics, and good structural Sat^t^LttCs/ characte - 


Ihe quarter- chord line was swept back in 
associated with lift and also to haCe htgh eff 
y nsuring that the leading edge would be swe 

S^swettte^ 1 ’ 3 ? 1110 SPeedS ‘ In a P revious inv 
60 q sweptback wing was designed on the same ba 

60 sweptback wing, however, exhibited extreme 

moment characteristics which, to date, have no 

present winT^h^ r pr&Ctical airplane compon, 
present wing, therefore, was limited to 45° to 

Chaf characteris tics. It has been : 

f f °l obtain i^ smooth area distributions f 

T rS ° nlC Speeds ' the bod y the be; 
should be indented and the wing thickness ratic 

vaCJrJrCC + C ° nse( l uentl y^ tba thickness 

varies from 6 percent at the root to 3 percent 


order to have low drag 
ectiveness of indentation 
pt behind Mach lines at 
sstigation (ref. 2), a 
sic assumptions. This 
Ly unfavorable pit chi ng- 
been alleviated suffi- 
■nt. The sweepback of the 
assure more favorable 
•Udi cated in reference 2 
*nd reductions in wave 
t wing-body compromise 
should be decreased from 
ratio of the present wing 
from the midsemispan to 
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the tip. This taper in thickness also permits better structural design 
of the wing. Other studies of the effect of thickness ratio have been 
presented in references 6 and 7 . The taper ratio of 0.15 was selected 
to reduce the severity of pitch-up tendency at lifting conditions (see 
ref. 8 ) and also to improve the structural characteristics of the wing. 

An aspect ratio of 4 was considered a suitable compromise for obtaining 
high lift-drag ratios and high-performance characteristics at transonic 
speeds. Generally, camber has been shown to improve subsonic and super- 
sonic performance. (See refs. 9, 10, and 11.) The entire chords in the 
present wing were cambered since it has been found that this method is 
highly effective in improving the lift-drag ratio. A mean line of a = 0 
was used at the root so that the camber near the leading edge when used 
in combination with an indented body could take better advantage of the 
upflow around the body. It was believed that the leading edge of the 
wing could be lined up better with the streamlines in the upflow than 
for a symmetrical airfoil section. In this manner, the strength of the 
compression shock on the lower surface at the leading edge of the wing 
would be weaker, a peak pressure on the upper surface at the leading edge 
with its accompanying adverse pressure gradient would be less evident, 
and laminar flow in the boundary layer on the upper surface would be 
extended in a chordwise direction - all tending to produce a lower drag 
at moderate lifting conditions. A mean line of a = 0.8 (modified) was 
used for the outboard sections in order to maintain a more uniform dis- 
tribution of load both spanwise and chordwise. 

As has been stated previously, the wing was tested primarily at an 
angle of incidence of 0°. In one instance, however, the wing was tested 
at an angle of incidence of - 2 ° in combination with an indented body. 

An improvement in the drag characteristics of a similar wing-body config- 
uration has been reported in reference 11. For these configurations, 
when the wing was at an angle of attack of 0 °, the body was inclined at 
an angle of attack of 2°. In the present investigation it was assumed 
that the inboard stations of the cambered wing would operate in an 
increased upflow around the body compared with the configurations with 
an angle of incidence of 0 °, and it was believed that these inboard 
sections would develop an additional lift without a penalty in drag. 

It was anticipated, also, that a slight increase in lift would be realized 
from the body itself. In this manner, higher values of (L/D) majJC were 

expected for the configurations with an angle of incidence of - 2 ° than 
were obtained from the configurations with an angle of incidence of 0 °. 


Body 

The unindented, original-body shape used as a basis of comparison 
for the indented configurations is the same as the body used in refer- 
ence 2. This body was obtained by cutting off the rear 21.2 percent of 
a Sears-Haack body. (See ref. 12.) For the present tests this body 
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was made 35-3 inches long by extending the tail end of the original body 
3.6 inches rearward by using Sears-Haack body ordinates. The ordinates 
for this 35.3-inch body, referred to as the tasic body, and the 31.7-inch 
original body, are shown in table II. The ratio of basic-body max imum 
frontal area to total wing planform area was 0.040, which places the 
model in the category of present-day bombers. 

The outer portion of the body was made of detachable, wood impreg- 
nated plastic so that any type of body shape in the region of the wing 
could be investigated. In order to provide sufficient body cross section 
to allow for 100-percent compensation of the average area of the wing for 
Mach plane cuts at M = 1.2, the maximum diameter of the basic body was 
increased from 3.212 to 3-296 inches. This unindented, slightly larger 
diameter body, referred to as the modified body, was indented axially 
symmetrical to obtain relatively smooth area listributions at Mach numbers 
of 1.0, 1.2, and 1.4. The contour for the M =1.0 body was 95 percent 
of the full indentation specified by the transonic area rule. This 
limitation was imposed by the basic structure of the test model. It is 
believed that the difference in results for a 95-percent and a 100-percent 
M = 1.0 indentation would be small. This body will be referred to simply 
as the M =1.0 body. As is stated in reference 13 for radially sym- 
metrical modifications, the area used for the approximate optimum inden- 
tation for any particular supersonic Mach number is obtained by averaging 
the frontal projection of wing areas cut by Mich planes at all angles of 
roll 0 of the Mach planes with respect to tie configuration. For sym- 
metrical models, only the average areas between 0° and 90° have to be 
considered. For the present investigation, areas for 0°, 45°, and 90° 
were averaged by giving a weight of 1 to the 0° and 90° cuts and a weight 
of 2 to the 45° cut. Indentations for Mach numbers of 1.2 and 1.4 com- 
pensated for the wing areas in full. The resulting area distributions 
for the respective design Mach numbers were the same as the normal cross- 
sectional area distribution of the modified body. The indentations used 
removed about 20 percent of the volume of the basic body shape. Repre- 
sentative social distributions of cross-sectio;ial area for these configu- 
rations are shown in figures 2, 3, 4, and 5 for roll angles 0 of 0°, 

45°, and 90° at Mach numbers of 1.0, 1.2, and 1.4. 

Another M = 1.4 indentation was developed which will be referred 
to as the M = 1.4 revised body. This indentation was developed from 
a body that was shaped slightly different from the modified body, as 
shown in figure 6, so that the effect of a ty]>e of partial M = 1.4 
indentation in combination with the 45° swepthack wing could be investi- 
gated. In particular, it was desired to dete:nnine whether the partial 
indentation would improve the wave drag over a wide speed range, that 
is, at off-design Mach numbers, and at the sane time maintain the improve- 
ment in drag obtained by the regular indentation at its design Mach number. 
The M = 1.4 revised indentation was approximately 85 percent as deep 
as the regular M = 1.4 body indentation. Ordinates for all the body 
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contours are given in table II. Errors between these design ordinates 
and those obtained from measurements of the completed models were not 
greater than 1 percent and in most cases were much less. 
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APPARATUS, MEASUREMENTS, AND ACCURACY 


The investigation was conducted in the Langley 8-foot transonic 
tunnel and the Langley 8-foot transonic pressure tunnel. In the former 
facility, the slotted-test-section Mach number can be varied contin- 
uously from about 0.2 to l.lk. All data presented from this tunnel are 
essentially free of the effects of wall- reflected disturbances, except 
where noted for a Mach number of 1.13* In the latter facility, nozzle 
blocks were placed In the slots of the test section to produce a test 
section in which the Mach number is 1 .43* The design of these nozzle 
blocks has been described in reference Ik. The models mounted on an 
internal strain-gage balance were sting supported in the usual manner 
in the tunnels. 

Lift, drag, and pitching moment were determined by means of the 
internal strain-gage balance. The pitching moments were taken about 
the 0.25 chord of the mean aerodynamic chord. The coefficients of these 
forces and moments are estimated to be accurate within the following 
limits: for C L , ±0.01; for C Dq , ±0.0005; and for C m , ±0.002. These 

limits include the effect of possible errors in the measurements of 
angle of attack. The force and moment results also have been adjusted 
to the condition of stream static pressure on the base of the body. 

Model angle of attack was measured by means of a fixed- pendulum 
strain-gage unit mounted in the nose of the body. Angles of attack 
are estimated to be accurate within ±0.10®. An attempt was made to 
maintain the models aerodynamically smooth throughout the investigation. 
Photographs of the wing mounted on the basic body are presented as 
figure 7- 

Transition was fixed across the span of the wing at 10 percent of 
the chord. It consisted of a roughness strip approximately 0.10 inch 
wide which was mad e by sprinkling carborundum grains on an adhesive 
agent sprayed on the wing. The grain size, density, and application of 
the strip were carefully controlled. Transition was fixed around the 
body at 10 percent of the body length in the same manner used for the 

^ For all the wing— body combinations tested at Mach numbers from 
0.80 to 1.43, a medium density (30 grains per inch) of No. 120 carbo- 
rundum grain was used in the transition strip. Photographs of the 
wing mounted on an indented body with transition fixed on both wing 
and body are presented as figure 8. 
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TESTS 


The following tests were made for a Mach number range from 0.80 to 
1.13 in the Langley 8-foot transonic tunnel, and the average Reynolds 

number varied from 2.56 X 10^ to 2.90 X 10^ based on a mean-aerodynamic- 
chord length of 8.42 inches: 


Configuration 

Wing angle 
of incidence, 
i-W; de 6 

— 
Angle 
of attack, 
a, deg 

Transition 

Original body 


0 

Natural 

Basic body . . 


0 to 12 

Natural 

Modified body 


0 

Natural 

Wing with basic body . . . 

0 

-2 to approx. 6 

Natural ; 

Wing with modified body . . 

0 

0 

Natural 

Wing with M = 1.0 body . . 

0 

-2 to approx. 6 

Natural 

Wing with M * 1.2 body . . 

0 

-2 to approx. 6 

Natural 

Wing with M = 1.4 body . . 

0 

-2 to approx. 6 

Natural 

Wing with M = 1.4 




revised body 

0 

-2 to approx. 6 

Natural 

Wing with M * 1.2 body . . 

-2 

0 to approx. 8 

Natural 

Wing with basic body . . . 

0 

-2 to approx. 6 

Fixed 

Wing with M = 1.0 body . . 

0 

- 2 to approx. 6 

Fixed 

Wing with M = 1.2 body . . 

0 

-2 to approx. 6 

Fixed 

Wing with M = lA body . . 

0 

-2 to approx. 6 

Fixed 


The following tests were made at a Mach number of 1.43 in the 
Langley 8-foot transonic pressure tunnel, ani the average Reynolds nu mb er 
was 2.83 X 1C)6 based on a mean-aerodynamic-caord length of 8.42 inches: 


Configuration 

Wing angle 
of incidence, 

iw> de e 

Angle 
of attack, 
a, deg 

Transition 

Basic body 


0 to 12 

Natural 

Wing with basic body . . . 

0 

-2 to 10 

Natural 

Wing with M = 1.0 body . . 

0 

- 2 to approx. 11 

Natural 

Wing with M = 1.2 body . . 

0 

- 2 to approx. 11 

Natural 

Wing with M = 1.4 body . . 

0 

-2 to approx. 10 

Natural 

Wing with basic body . . . 

0 

- 2 to approx. 11 

Fixed 

Wing with M = 1.0 body . . 

0 

-2 to approx. 11 

Fixed 

Wing with M = 1.2 bod^ . . 

0 

-2 to approx. 11 

Fixed 

Wing with M = 1.4 body . . 

0 

-2 to approx. 10 

Fixed 

Wing with M = 1.4 




revised body 

0 

-2 to approx. 11 

Fixed 
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RESULTS AND DISCUSSION 


Bodies 

Basic aerodynamic data .- The variations of lift, drag, and pitching- 
moment coefficients with angle of attack for the basic body for the vari- 
ous test Mach numbers are presented in figure 9- The coefficients are 
based on a wing area of 1.408 square feet. 

Drag characteristics.- The variation with Mach number of the drag 
coefficient based on wing area at zero angle of attack for the three 
bodies tested (original, basic, and modified) is presented in figure 10. 
Between Mach numbers of 1.13 and 1.4-3, the curves are interpolated, since 
test data were not obtained in this range. These data indicate that the 
lowest level of drag coefficient at all Mach numbers was obtained for the 
basic body. This was expected since this body had the highest fineness 
ratio (11.0) of those tested. Very little difference between the drag 
coefficients for all the bodies was observed up to a Mach number of 1.03- 
This difference was of the order of a drag coefficient of 0.0002 which 
is within the accuracy of test measurements. 

Of interest at M = 1.13 is the difference in drag coefficient 
between the original and basic bodies. This difference (approximately 
0 . 0006 ) indicates that the drag coefficient for the basic and modified 
bodies is lower than should be expected on the basis of the drag coeffi- 
cients at M = 1.0 and 1.03- A study of the tunnel-boundary- reflection 
interference for these two bodies indicated that wave reflections were 
impinging on the afterbody of the basic and modified bodies at a Mach 
number of 1.13. This was a direct result of increasing the length of the 
bodies from the original body length of 3 I. 7 O inches to the basic and 
modified body length of 35-30 inches. 


Systematic Series of Wing-Body Combinations 

Basic aerodynamic data.- The variations with lift coefficient of 
angle of attack, drag coefficient, and pitching-moment coefficient for 
the wing-body configurations investigated at Mach numbers from 0.80 to 
1.43 are presented in figures 11 and 12. The coefficients are based on 
a wing area of 1.408 square feet. The symbol at the intersection of 
the zero lines on these figures is for the purpose of Mach number 
identification. 

Drag characteristics .- The wing was investigated in combination with 
the basic and modified bodies at an angle of attack of 0°. In figure 13 , 
it is shown that the modified body combination has a slightly higher drag 
coefficient level (approximately 0 . 0003 ) as a result of its slightly lower 
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fineness ratio. The drag coefficients at M * 1.13 have been adjusted 
upward by 0.0006 to allow for the tunnel -bound ary- reflect ion interference 
discussed previously. The zero-lift wave drag of the two combinations 
is essentially the same over the Mach number range for which data are 
available. Curves between Mach numbers of 1.13 and 1.43 are interpolated 
since test points were not taken in this range. 

The variation with Mach number of drag coefficient at lift coeffi- 
cients of 0, 0.2, and 0.4 for the combinations of the wing with the basic 
body and bodies indented for Mach numbers of 1.0, 1.2, and 1.4 is pre- 
sented in figure l4. The data have not been adjusted for tunnel-boundary- 
reflection interference. These drag coefficient results indicate that 
the subsonic level of zero-lift drag coefficient for the basic body com- 
bination was 0.009; body indentation was effective in reducing the zero- 
lift drag coefficients at Mach numbers above C.95; and these reductions 
in zero-lift drag, obtained by indenting the tody for the various design 
Mach numbers, were maintained at lift coefficients at least up to 0.4 
throughout the test Mach number range. 

In figure 15, all the zero-lift drag coefficient data for the wing- 
body combinations tested have been adjusted upward by an increment in 
zero-lift drag coefficient of 0.0006 for tunnel boundary interference 
at M = 1.13* Also included in figure 15 are the zero-lift drag coeffi- 
cients which would have been obtained for the basic body combination if 
the size of the basic body had been decreased by a first-approximation 
method to have the same volume as that of the indented bodies. In this 
method the skin friction of the body was reduced in proportion to the 
square root of the volume ratio. The wave dreg of the body was reduced 
in proportion to the square of the volume ratio. The increment in drag 
between the adjusted and unadjusted drag of the body was subtracted from 
the drag of the wing -body combination to obtain the drag coefficient 
which probably would have occurred if the basic body of the combination 
had the same volume as the indented bodies. These data will be used as 
the basis for the analysis of the zero-lift drag and wave-drag charac- 
teristics in the remainder of this report. The variation with Mach num- 
ber of the minimum drag coefficient for the various combinations, as 
shown in figure 1 6, is very similar to the zero-lift drag coefficient 
variation. A value of 0.008 for the subsonic minimum drag coefficient 
was obtained for the basic wing -body combination at a lift coefficient of 
0.075 compared with a value of 0.009 for the 2ero-lift drag coefficient. 
When the indentation design Mach number was changed, the subsonic value 
of increased approximately 0.0008. 

The experimental values of zero-lift wave -drag coefficient shown in 
figure 17 were obtained from the difference between the zero-lift drag 
at any particular higher Mach number and the 2ero-lift drag at a Mach 
number of 0.80 where the drag is due primarily to skin friction. These 
values follow closely the area-rule concept ir that the lowest wave drag 
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for the various combinations was obtained at or near the particular Mach 
number for which the body of the combination was designed. The same 
trend is exhibited by the theoretical values of zero-lift wave -drag coef- 
ficient (indicated by the symbols) calculated for the various combinations 
by the method of reference 3* These theoretical wave-drag computations 
did not evaluate the effect of camber of the test wing. The theoretical 
values, however, are considered to be in good agreement with the experi- 
mental results. The use of indentation in combination with the wing 
accounted for reductions in zero-lift wave drag ranging from O.OO 58 at 
a Mach number of 1.0 to 0.0028 at a Mach number of 1.43 when compared 
with the basic body combination with the body volume adjusted to have 
the same volume as the indented bodies. The percentage wave-drag reduc- 
tions of the difference in zero-lift wave drag between the basic combi- 
nation adjusted for volume and the basic body alone are in the range from 
75 percent at M = 1.0 to 43 percent at M =■ 1.43* 

The maximum lift -drag ratio values shown in figure l 8 for the basic 
body combination compare favorably with those reported for a 60 sweptback 
wing-body combination (ref. 2 ) also designed for obtaining high values 
of (L/DJmax and low wave-drag characteristics at transonic and super- 
sonic speeds. 

At a given supersonic speed the highest values of maximum lift-drag 
ratio occurred at the Mach number for which the body indentations were 
designed. These values of (L/D) max ranged from 15*3 at M * 1.0 to 

9.2 at M » 1.43. The percentage increase in ( L A0max f>or 

ent indentations was in the range from 35 percent at M = 1.0 to 8.2 per- 
cent at M = 1*43* Even though data points were not taken between 1.13 
and 1 . 43 , it is believed that the interpolation of the curve between 
these two points would not be a straight line but would be similar to 
that shown in figure l 8 . It is reasonable, therefore, to expect that 
( L / D )inax would have a value of approximately 13 at M = 1.2 which 

amounts to a 20 -percent increase over the value for the basic body com- 
bination. These improvements in (L/D) max were due primarily to decreases 
in wave drag. The relative increase would have been slightly less if the 
size of the basic body had been decreased to have the same volume as that 
of the indented bodies. A complete airplane with empennage, external 
stores, and protuberances will have maximum values of lift- drag ratio 
somewhat below those measured for the wing -body combination. 

The lift coefficients at which (L/D) max occurred for the various 

combinations varied from approximately 0.23 at M = 0.80 to about 0.3 
at M » 1.03 and then to a value of the order of 0.23 at M » 1.43. 

This variation indicates that (L/D) max was obtained at very nearly the 
wing design lift coefficient. 
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A calculation of the skin-friction-drag coefficient by the method of 
Van Driest (ref. 15) gives a value of O.OO96 for completely turbulent flow 
at M = 0.8 for the basic body combination. When this value is compared 
with the experimentally obtained c p min value of 0.008 for the same basic 

body combinations at M = 0.8 with natural transition, it appears that 
at least partial laminar flow existed in the low lift range for this 
configuration. The fact that the values of (L/D) max are of the order of 

20 at subsonic speeds also suggests the possioility of the existence of 
some laminar flow over the wing and body. 

These considerations of the possible existence of laminar flow on 
the configurations investigated with natural transition may lead to the 
conclusion that the drag values for natural transition herein may not be 
directly applicable to actual airplane configurations similar to those 
tested. Less extensive laminar boundary and in most cases fully turbulent 
flow exists on actual airplanes. In this connection, however, it should 
be remembered that at the higher Reynolds numbers encountered in flight 
the skin-friction-drag coefficient for the actual airplane may approach 
the values for natural transition obtained during the model tests in 
the wind tunnel. The reduction in skin-friction drag associated with 
the increase in Reynolds number that occurs i:i going from wind-tunnel 
test to flight is in the right direction to make the drag results of the 
present report approximately what would be expected at flight conditions. 

Lift characteristics .- The lift-curve slope as shown in figure 19 
for the basic, M = 1.0, M =■ 1.2, and M = 1.4 body combinations was 
averaged for a lift-coefficient range of approximately -0.05 to 0.3. At 
Mach numbers from 0.90 to O.96 use of the various indentations reduced 
the average lift-curve slope of the basic body by about 10 percent. At 
supersonic speeds the slope was increased approximately 8 percent by the 
indentations. In general, the most significant effect of changing inden- 
tation design Mach number on the average lift-curve slopes was a decrease 
in the slopes of the indented combinations at M = 1.0 as the design 
Mach number was increased. 

Pitching-moment characteristics .- An examination of the variation 
with lift coefficient of the pitching-moment coefficients for all config- 
urations tested at all Mach numbers from 0.80 to 1.43, in figures ll(m) 
to ll(p), indicates that the combinations were stable up to the highest 
lift coefficients of the investigation (of the order of 0.5). On the 
basis of past experience with sweptback wings, it may be expected for the 
wing of the present test that a region of reduced stability will be 
encountered at higher lift coefficients up to high subsonic speeds. It 
is believed, however, that design features of the present wing reduce 
the probability of severe pitch-up. For the basic-body combination, 
the aerodynamic center, as may be computed from figure 20, moved rapidly 
rearward from 40 percent of the mean aerodynamic chord at M * 0.90 
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to 51 percent of the mean aerodynamic chord at M = 0-9 6. At Mach numbers 
from 0.80 to 1.08, the aerodynamic centers for the indented combinations 
were farther forward than those for the basic wing-body combination as 
shown by the variation of 8C m /dC L with Mach number in figure 20. Between 

Mach n umb ers of 0.80 and O.98, the aerodynamic centers moved rearward with 
increase in indentation design Mach number but did not equal or exceed the 
rearward travel for the basic wing -body combination. At supersonic speeds 
the aerodynamic centers, in general, approached the same locations as for 
the basic wing -body combination. 


Angle of Incidence of -2° 

Drag characteristics .- The variation of drag characteristics with 
Mach number for lift coefficients of 0, 0.2, and 0.4, as affected by a 
change in wing angle of incidence from 0° to -2° in combination with the 
body indented for a Mach number of 1.2, is shown in figure 21. These 
data indicate that the anticipated improvements in performance were not 
obtained. The change in angle of incidence had an adverse effect on the 
performance characteristics of the combination throughout the transonic 
Mach number range. This adverse effect produced an increase in minimum- 
drag coefficient (fig. 22) and zero-lift wave-drag coefficient (fig. 23) 
and a decrease in the values of maximum lift-drag ratio (fig. 24). 

Lift characteristics .- Changing the angle of incidence from 0° to 
-2° for the wing on the body indented for a Mach number of 1.2 resulted 
in a decrease in average lift- curve slope of about 4 percent (as shown 
in fig. 25) throughout the Mach number range for which data were available. 

Fit chi ng -moment characteristics .- As indicated in figure 26, neither 
the stability characteristics nor the aerodynamic centers of the wing- 
body combinations were seriously affected by changing wing incidence 
angle from 0° to -2°. 


M = 1.4 Revised Body 

The drag-coefficient results for the wing in combination with the 
M = 1.4 and M = 1.4 revised bodies for lift coefficients of 0, 0.2, 
and 0.4 are shown in figure 27. The effect of the revision to the 
M * 1.4 body on the minimum drag coefficient, as shown in figure 28, 
was small. The wave drag at off -design Mach numbers was not noticeably 
improved. In the Mach number range (M = 0.80 to 1.13) for which com- 
parable data are available, it is indicated in figure 29 that the revision 
to the M = 1.4 indentation resulted in a small increase in wave drag 
at supersonic speeds comparable to the increase in cross-sectional area 
between the M = 1.4 and M = 1.4 revised bodies without adversely 
affecting the wave drag at or near M = 1.0. The maximum cross-sectional 
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area of the M = 1.4 revised body combination would be 5 percent greater 
than for the regular M = 1.4 combination. (See fig. 6 .) In the absence 
of comparable data at M = 1.43, transition- fixed data may be used to show 
that at a Mach number of 1.43 the conclusions would be the same as at a 
Mach number of 1.13 • The effects of the M = 1.4 revised body were small 
on the maximum lift-drag ratio, the lift -curve slope, and the pitching- 
moment-curve slope shown in figures 30 ; 31 ; and 32 , respectively. 


Transition 

In the present investigation, it was desired to determine whether 
turbulence at supersonic speeds, as produced by a fixed transition strip, 
would change the effect of indentation on the wave-drag characteristics 
of the sweptback-wing — body combinations tesved. 

Drag characteristics .- The drag coefficients of the various wing- 
body combinations tested with and without transition are shown as a 
function of Mach number in figure 33 Tor lifs coefficients of 0, 0.2, 
and 0.4. The effect of fixed transition on she zero-lift wave-drag coef- 
ficients of the various wing-body combinations is shown in figure 34 for 
Mach numbers from 0.8 to 1.43. Except for the data at a Mach number of 
1.43, the results indicate that the changes due to fixed transition were 
small and, in general, were of the order of accuracy of the data. At a 
Mach number of 1.43, however, the transition strip appeared to exert a 
more or less noticeable influence on the incremental zero-lift wave drag. 

As shown in figure 34, adding transition to the basic body combina- 
tion reduced the incremental zero-lift wave drag about 0 . 0015 , whereas 
for the M = 1.2 body combination it increased the incremental zero- 
lift wave drag by about the same amount, 0.0015- The effects for the 
M = 1.0 and M = 1.4 body combinations were within the accuracy of the 
data. There is no apparent reason why the effect of transition on the 
basic body combination was different from that on the M = 1.2 body 
combination. 

In reference l 6 it is indicated that un Indented models and models 
indented for a Mach number of 1.4l for an elliptical wing and tested 
with natural transition did not show the drag reduction predicted by 
theory. During the same investigation (ref. 16), in order to separate 
the potential and viscous effects, transition-fixed tests were made. 

These transition-fixed results showed that the experimental reduction 
in wave drag brought about by the indentation agreed with that predicted 
by theory. In the present investigation, there is no consistent improve- 
ment in the agreement of experiment with theory between the models tested. 

Lift and pitching-moment characteristics .- The effect on the lift- 
curve slope and pitching -moment- curve slope of fixing transition was 
small throughout the test Mach number range, as shown in figures 35 
and 36 . 
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CONCLUSIONS 


The following conclusions have been made as a result of an investi- 
gation to determine the effects of changing indentation design Mach num- 
ber at transonic and moderate supersonic speeds on the aerodynamic char- 
acteristics of a wing-body combination designed for high performance: 


Systematic Series of Wing-Body Combinations 

1. The experimental zero-lift wave-drag coefficient values followed 
closely the area-rule concept in that the lowest zero-lift wave-drag 
coefficient was obtained at or near the Mach number for which the body 
of the combination was designed. 

2. Theoretical values of zero-lift wave-drag coefficient for all 
the wing-body combinations were considered to be in good agreement with 
the experimental results. 

3 . At a given supersonic Mach number, the highest values of maximum 
lift-drag ratio for the various combinations were obtained at or near 
the specific Mach number for which the body of the combination was 
tested. This was due primarily to decreases in the wave drag. At Mach 
numbers of 1.0, 1.2, and 1.4, the maximum lift-drag ratios were 15-3* 

13 , and 9-2, respectively. 

4. In general, the most significant effect of changing indentation 
design Mach number on the lift-curve slopes occurred at a Mach number of 
1.0 where the lift-curve slopes of the indented combinations decreased 
as the indentation design Mach number increased. 

5. All wing -body combinations exhibited linear stability character- 
istics up to the highest lift coefficient of the investigation (Cp « 0.5). 


-2° Angle of Incidence 

1. Changing the wing angle of incidence from 0° to -2° resulted in 
an adverse effect on the performance characteristics for the wing in 
combination with the body indented for a Mach number of 1.2 throughout 
the transonic Mach number range . The effect of the change in wing angle 
of incidence on the lift and moment characteristics was small; primarily, 
the lift -curve slope was decreased slightly. 
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M = 1.4 Revised Body 

1. At supersonic speeds, a small increase in zero-lift wave drag 
comparable to the increase in cross-sectional area between the M = 1.4 
and M = 1.4 revised bodies was obtained witnout an adverse effect on 
the zero-lift wave drag at a Mach number of 1.0. 


Transition 

1. Consistent effects of fixing transition on the zero-lift wave- L 

drag characteristics through the Mach number range could not be obtained. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., September 28, 1955* 
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Figure 1.- Details of ving-body combinations investigated. 

dimensions are in inches. 
















Body 

Modified 

M s 1.4 indentation 
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Figure 5.- Representative axial distributions of cross- sect ional area 
for ^ 5 ° sweptback wing in combination with the body indented for 


M= 1.4 revised body 
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Figure 6.- Representative axial distributions of cross-sectional area 
for modified and revised bodies, and M = 1.4 and M = 1.4 revised 
indented bodies at M = 1.0. 







(a) Front quarter. 


L-86288 


Figure 



(b) Rear quarter. L-86287 

7 .- Photographs of the 45° sweptback wing in combination with the 
basic body mounted in the Langley 8 -foot transonic tunnel. 


( a ) Front quarter 


L-86572 



(b) Rear quarter. L“86573 

Figure 8.- Photographs of the 45° sweptback wing in combination with an 
indented body with transition fixed on both wing and body. Model is 
mounted in the Langley 8-foot transonic tunnel. 
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(b) C-q against a. 


Figure 9.- Continued. 




Angle of attack ,a ,deg 


(c) Cjq against a. 


Figure 9*~ Concluded. 




















Angle of attack , 



(a) a against for basic wing-body combination, iy = 0°. 


Figure 11.- Basic aerodynamic characteristics of the various wing-body 
combinations with transition natural. 





Lift coefficient, C L 


(b) a against for M = 1.0 wing -body combination. 


Figure 11.- Continued. 










Lift coefficient, C L . 


(c) a against C-^ for M = 1.2 wing-body combination. 


Figure 11.- Continued. 
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(d) a against C L for M = 1.4 wing -body combination. i w = 0°. 


Figure 11.- Continued. 





















Lift coefficient, C L 
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(f) a against C L for M = 1.4 revised wing-body combination. 

i W = 0°. 


Figure 11.- Continued. 










Lift coefficient,^ 


(g) Cj) against for basic wing -body combination 


Figure 11.- Continued. 
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Figure 11.- Continued. 
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Lift coefficient, C L 


(j) C D against C L for M = 1.4 wing-body combination. i w = 0°. 


Figure 11 •- Continued. 









Lift coefficient, C L 


(k) C D against C L for M = 1.2 wing -body combination 
Dashed line indicates extrapolation of data. 


Figure 11.- Continued. 
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( n ) C m against for M - 1.0 wing-body combination, i^ = 0°. 


Figure 11.- Continued. 













Lift coefficient ,C L 


against C L for M = 1.2 wing-body combination 
Figure 11.- Continued. 








Lift coefficient, C L 


against C L for M = 1.4 wing -body combination 


Figure 11.- Continued. 
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Lift coefficient, C L 


(a) a against for basic wing-body combination, iy = 0°. 



Figure 12.- Basic aerodynamic characteristics of the various wing -body 
combinations with transition fixed. 



































Lift coefficient, C L 


against for basic wing-body combination 


Figure 12.- Continued. 
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(k) C m against for M = 1.2 wing -body combination, iy = 0°. 

Dashed lines indicate extrapolation of data. 


Figure 12 . - Continued . 



Lift coefficien1,C L 


against for M = 1.4 wing-body combination. 


Figure 12.- Concluded. 













Figure 13- - Drag characteristics of 45° sweptback wing in combination 
with basic and modified bodies, a = 0°. 
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Figure 17*- Wave-drag characteristics of basic body and ^5° sweptback 
wing in combination with basic and indented bodies. Ct = 0. 







Mach number, M 

Figure 18.- Maximum lift-drag ratio characteristics and lift coefficient 
for maximum lift-drag ratio for ^5° sweptback wing in combination 
with basic and indented bodies . 
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Wing-body combination 



Figure 19 •- Average lift-curve-slope characteristics of the 45° swept- 
back wing in combination with the basic and indented bodies. 

C L = -0.05 to 0.3. 
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Figure 20.- Stability characteristics of the 45° sweptback wing in 

combination with the basic and indented bodies. C L = - 0.05 to 0 . 3 . 
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Figure 22.- Minimum drag characteristics and lift coefficient for 

minimum drag of 45° sweptback wing in combination with M = 1.2 body. 
i w = 0° and -2°. 









Mach number, M 


Figure 2k-.- Maximum lift-drag ratio characteristics and lift coefficient 
for maximum lift-drag ratio for 45° sweptback wing in combination with 
M = 1.2 body. i„ = 0° and -2°. 




Figure 26.- Stability characteristics of the i-5^ sweptback wing in com- 
bination with the M = 1.2 body. i w = 0° and -2°; C L = -0.05 to 0.5. 
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Figure 27.- Drag characteristics of 45° sweptback wing in combination 
with M = 1.4 and M = 1.4 revised bodies. Ct = 0, 0.2, and 0.4 
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Figure 28 . - Minimum drag charac 
minimum drag of 45° sweptbac 
and M = 1.4 revised bodies 
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Mach numter, M 



l.l 1.2 1.3 1.4 

Mach numter, M 


:ristics and lift coefficient for 
wing in combination with M = 1.4 




Wing -body combination 


77 



° Q 0V ‘|U0jO|jj0OO 6DJP 8ADM 


Figure 29.- Wave drag characteristics of ^5° sweptback wing in combination 
with M = 1.4 and M = 1.4 revised bodies. Ct =0. 
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Figure 30.- Maximum lift-drag ratio characteristics and lift coefficient 
for maximum lift-drag ratio for 45° sweptback wing in comb ina tion with 
M = 1.4 and M = 1.4 revised bodies. 
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Wing-body combination 



Mach number, M 

Figure 31.- Average lift-curve-slope characteristics of the 45° swept- 
back wing in combination with the M = 1.4 and M = 1.4 revised 
bodies. Cp = -0.05 to 0.3. 
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Figure 32.- Stability characteristics of the 45^ sweptback wing in 

combination with M = 1.4 and M = 1.4 revised bodies. Cp = -0.05 
to 0.3* 
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(a) Basic wing-body combination. 

Figure 33 •- Drag characteristics of 45° sweptback wing in combination 
with basic and indented bodies with transition natural and fixed on 
wing and bodies. C T =0, 0.2, and 0.4. 
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Mach number, M 

Figure 35.- Average lift-curve-slope characteristics of the 45 ° swept- 
back wing in combination with the basic and indented bodies with 
natural transition and fixed transition on the wing and bodies. 
c L = -0.05 to 0.3- 
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Figure 36.- Stability characteristics of the ^5° sweptback wing in 
combination with the basic and indented bodies with transition 
natural and fixed on the wing and bodies. C L = -0.05 to 0.3. 
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